Role of Taurine Accumulation in Keratinocyte Hydration  by Siefken, Wilfried et al.
ORIGINAL ARTICLE
Role of Taurine Accumulation in Keratinocyte Hydration
Guido Janeke,n1Wilfried Siefken, Stefanie Carstensen, Gunja Springmann, Oliver Bleck,w2 Hans Steinhart,n
Peter H˛ger,w Klaus-PeterWittern, Horst Wenck, Franz Stb, Gerhard Sauermann,Volker Schreiner, and
Thomas Doering
R & D cosmed, Beiersdorf AG, Hamburg, Germany; nDepartment of Food Chemistry and wDepartment of Dermatology, University of Hamburg,
Germany
Epidermal keratinocytes are exposed to a low water
concentration at the stratum corneumstratum granu-
losum interface.When epithelial tissues are osmotically
perturbed, cellular protection and cell volume regula-
tion is mediated by accumulation of organic osmolytes
such as taurine. Previous studies reported the presence
of taurine in the epidermis of several animal species.
Therefore, we analyzed human skin for the presence of
the taurine transporter (TAUT) and studied the accu-
mulation of taurine as one potential mechanism pro-
tecting epidermal keratinocytes from dehydration.
According to our results, TAUT is expressed as a 69
kDa protein in human epidermis but not in the dermis.
For the epidermis a gradient was evident with maximal
levels of TAUT in the outermost granular keratinocyte
layer and lower levels in the stratum spinosum. No
TAUT was found in the basal layer or in the stratum
corneum. Keratinocyte accumulation of taurine was in-
duced by experimental induction of skin dryness via
application of silica gel to human skin. Cultured human
keratinocytes accumulated taurine in a concentration-
and osmolarity-dependent manner. TAUT mRNA le-
vels were increased after exposure of human keratino-
cytes to hyperosmotic culture medium, indicating
osmosensitive TAUT mRNA expression as part of the
adaptation of keratinocytes to hyperosmotic stress. Ker-
atinocyte uptake of taurine was inhibited by b-alanine
but not by other osmolytes such as betaine, inositol, or
sorbitol. Accumulation of taurine protected cultured
human keratinocytes from both osmotically induced
and ultraviolet-induced apoptosis. Our data indicate
that taurine is an important epidermal osmolyte re-
quired to maintain keratinocyte hydration in a dry en-
vironment. Key words: dry skin/epidermis/keratinocyte/
osmolyte/osmoregulation/taurine. J Invest Dermatol 121:354 ^
361, 2003
T
he epidermal barrier function to water loss is loca-
lized in the outermost epidermal layer, the stratum
corneum (SC). This layer is composed of corni¢ed
cells embedded in a complex mixture of nonpolar li-
pids that prevent excess transepidermal water loss
(Elias and Menon, 1991). Awater gradient has been demonstrated
for the outer epidermis with approximately 15% (wt/wt) water
content at the skin surface and approximately 30% (wt/wt) water
content at the SCstratum granulosum interface (Warner et al,
1988; Caspers et al, 2001). Therefore, the outermost granular kera-
tinocyte layer is constantly exposed to a low water concentration.
In the stratum granulosum the water content increases dramati-
cally with depth reaching approximately 70% (wt/wt) in the stra-
tum spinosum (Warner et al, 1988). This water gradient creates a
persistent hyperosmotic stress in the stratum granulosum. More-
over, alternating exposure to a dry or humid environment is
likely to create £uctuations in the water gradient resulting in os-
motic perturbations of epidermal keratinocytes. For various ex-
tracutaneous cell types mechanisms have been described that
balance osmotic changes in response to £uctuations in water ac-
tivity. These osmoregulatory mechanisms are of crucial impor-
tance because control of intracellular solute concentrations and
cell volume is required for optimal cell function (Schliess and
Haussinger, 2002). Much of this work has focused on renal inner
medullary cells, which are exposed to a low water activity during
urinary concentration.These cells counteract water loss following
an increase in extracellular solute concentrations by accumulation
of organic osmolytes such as betaine, inositol, and taurine (Burg,
1995; Beck et al, 1998). The downstream boost in intracellular os-
molarity allows re-di¡usion of water into the cell to restore nor-
mal cell volume and electrolyte concentrations. This is required
because high intracellular concentrations of organic osmolytes
such as taurine are compatible with the native structure of pro-
teins, which is not the case for inorganic electrolytes.
Taurine, 2-aminoethane sulfonic acid, is a major free b-amino
acid in mammals. It is synthesized in the liver from the sulfur-
containing amino acids cysteine or methionine. In addition to
its well-known role in the conjugation of bile acids, many func-
tions have been described for taurine including cell membrane
stabilization (Pasantes-Morales et al, 1985), neuromodulation (Oja
and Saransaari, 1996), and brain and retinal development (Stur-
man, 1986; Heller-Stilb et al, 2002). It has been shown recently
that taurine uptake is involved in sperm volume regulation (Xu
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et al, 2003). Moreover, taurine functions as an osmolyte in lens
epithelial cells (Cammarata et al, 2002), MadinDarby canine
kidney (MDCK) cells (Uchida et al, 1991), and immortalized
blood^brain barrier endothelial cells (Kang et al, 2002). Cellular
localization of taurine has been studied in various tissues includ-
ing squamous epithelia (Lobo et al, 2001). Taurine is present in the
granular and upper spinous layer of rat and dog epidermis but
not in the basal layer or in the SC (Lobo et al, 2001). Light micro-
scopic autoradiography revealed that injected [3H]-taurine is ac-
cumulated by epidermal keratinocytes in mice whereas the
connective dermal tissue showed low uptake of [3H]-taurine
(Watanabe et al, 1995). These data provide indirect evidence for
the presence of an epidermal taurine transporter (TAUT), which
has not been demonstrated so far.TAUT has been characterized as
the Naþ - and Cl^-dependent taurine transporter from MDCK
cells (Uchida et al, 1992), rat and mouse brain (Liu et al, 1992;
Smith et al, 1992), human and mouse retina (Miyamoto et al,
1996; Vinnakota et al, 1997), human thyroid cells (Jhiang et al,
1993), and human placenta (Ramamoorthy et al, 1994). MDCK
cell TAUT contains 655 amino acids with a molecular weight of
74 kDa and 12 hydrophobic domains that are presumably mem-
brane spanning (Uchida et al, 1992). Similar amino acid sequences
have been described for human retinal and placental TAUTwith
620 predicted amino acids (Ramamoorthy et al, 1994; Miyamoto
et al, 1996) or rat and mouse brain TAUT with 621 and 590 pre-
dicted amino acids, respectively (Liu et al, 1992; Smith et al, 1992).
Taurine transport viaTAUT is inhibited by b-amino acids such as
b-alanine (Uchida et al, 1992). Rates of cellular taurine uptake are
increased after hyperosmotic exposure of MDCK cells (Uchida
et al, 1991), blood^brain barrier endothelial cells (Kang et al,
2002), and human and bovine lens epithelial cells (Cammarata
et al, 2002). The mRNA expression of TAUT is upregulated by
hyperosmolarity in MDCK cells (Uchida et al, 1992), human cor-
neal epithelial cells (Shioda et al, 2002), and blood^brain barrier
endothelial cells (Kang et al, 2002).
Recently,TAUT knockout mice have been generated that show
a marked impairment of reproduction and severe retinal degen-
eration (Heller-Stilb et al, 2002). Apoptosis of photoreceptor cells
is apparently involved in retinal degeneration inTAUT knockout
mice (Heller-Stilb et al, 2002). The epidermal phenotype and
function of TAUT knockout mice has not been studied and the
physiologic functions of epidermal taurine are unknown. Because
it is likely that epidermal keratinocytes experience osmotic per-
turbations, we analyzed the presence of TAUT in human epider-
mis and the functional signi¢cance of taurine accumulation as
part of the osmoregulatory adaptation of keratinocytes to hyper-
osmotic stress.
MATERIALS AND METHODS
Antibodies and reagents Rabbit antirat TAUT antiserum was
purchased from Alpha Diagnostics (San Antonio, TX). Homotaurine and
guanidinoethane sulfonate (GES) were purchased from Toronto Research
Chemicals (NorthYork, Canada) and Alexa Fluor 488 goat antirabbit IgG
antibody was obtained from Molecular Probes (Eugene, OR). Lumi-Light
plus and Annexin-V-Fluos-Staining Kit were purchased from Roche
(Mannheim, Germany). Antirabbit IgG antibody, homoserine, and
hypotaurine were obtained from Sigma (Deisenhofen, Germany); serum-
free keratinocyte growth medium (KGM-2) was purchased from
BioWhittaker (Rockland, MD).
Biopsies Biopsies were prepared by dermatologists of the Department of
Dermatology, University of Hamburg, Germany, after authorization by the
ethics committee of the city of Hamburg. Fetal palm skin was obtained
from legal abortions. Foreskin samples were obtained from 1- to 15-y-old
phimosis patients. Abdominal skin samples were obtained from cosmetic
surgery of 55^70-y-old women. The skin samples were stored in
phosphate-bu¡ered saline (PBS) at 41C. Epidermis was separated from
dermis by incubation in 10 mM ethylenediamine tetraacetic acid/PBS for
30 min at 371C. The tissues were stored at ^801C. Suction blisters were
raised over a period of about 3 h, using airtight cups with circular ports
exposing skin areas of 7 mm in diameter to an atmospheric pressure of ^
300 mmHg. Blisters occurred at the dermalepidermal junction. Blister
roofs were removed with a sterilized skin surgery set.
Experimental induction of skin dryness Dry skin was induced by
application of 0.5 g silica gel per cm2 to the volar surface of the upper
arm for 24 h. This treatment did not induce in£ammation or irritation.
After 24 h of application water binding capacity remained as indicated by
the silica gel’s color. Suction blister epidermis was prepared from dried and
nondried areas and thoroughly washed using PBS at 400 mOsM to
prevent cellular e¥ux of taurine.
Cell culture Neonatal normal human epidermal keratinocytes (NHEK)
were purchased from CellSystems (St Katharinen, Germany). The cells
were grown in KGM-2 at 371C and 5% CO2. NHEK of passage 3 were
used for the experiments. The normal osmolarity of the culture medium
was 320 mOsM as assessed by measurement of the freezing point using
the cryoscopic osmometer Osmomat 030 from Gonotec (Berlin,
Germany). To adjust the medium osmolarity to 400 mOsM, the
concentration of NaCl was increased by 40 mM. Reconstructed human
epidermis (EPI-201) was obtained from MatTek and incubated according
to the manufacturer’s instructions.
Immunohistochemistry Full-thickness skin samples were ¢xed in
ethanol/chloroform/acetic acid 6/3/1 (vol/vol/vol) and embedded in
para⁄n. Semithin sections (5 mm) were placed on glass coverslips, treated
with bovine serum albumin (1% wt/vol in PBS) for 45 min at room
temperature, washed, and incubated with rabbit antirat TAUT antiserum
(1:100) for 12 h at 41C. The samples were washed three times and
incubated with Alexa Fluor 488 goat antirabbit IgG antibody (1:1000) for
1 h at room temperature. The samples were washed three times, air dried,
¢xed with MOVIOL, and photographed using an Axiovert S100
£uorescence microscope (Zeiss, Jena, Germany).
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and immunoblotting Cell pellets or skin biopsies were
homogenized in 4% SDS using a glass potter. After repeated
freezethawing the suspension was centrifuged to remove debris. Total
protein was quanti¢ed by the method of Lowry (Lowry et al, 1951).
Analytical SDS-PAGE in 7.5% gels was performed with the Bio-Rad
Minigel equipment (Bio-Rad, Richmond, VA) at 110 V. Electrophoretic
transfer of proteins separated by SDS-PAGE to nitrocellulose membranes
was carried out in a trans-blot cell (Bio-Rad). The membranes were
blocked with 5% (wt/vol) milk powder in PBS and incubated with
TAUTantibody rabbit antirat TAUTantiserum (1: 2000 in PBS) overnight
at 41C. A POD-labeled antirabbit IgG was used as secondary antibody.
After incubation with Lumi-Light substrate chemiluminescence intensity
was measured with the Lumi-Imager (Roche, Mannheim, Germany).
Isolation of total RNA and real-time RT-PCR Total RNA was
obtained by cell lysis with 0.5 ml RNAzol B (WAK-Chemie, Steinbach,
Germany) per dish followed by addition of 50 ml chloroform per sample.
RNA was precipitated from the aqueous phase by addition of equal
amounts of 2-propanol and washed with 70% ethanol twice. Content of
total RNAwas determined by ultraviolet (UV) spectophotometry at 260
nm. The reverse transcription of isolated RNA and subsequent
ampli¢cation of the target sequences were performed using the TaqMan
EZ RT-PCR kit and ABI PRISM 7700 Sequence Detection System
(both PE Applied Biosystems, Weiterstadt, Germany) according to the
manufacturer’s instructions. Primer sequences and target-speci¢c dual-
labeled £uorogenic probes as shown in Table I were developed with the
support of Primer Express software version 1.0 (PE Applied Biosystems).
Quanti¢cation analysis of the TaqMan RT-PCRwas carried out with the
Sequence Detection System software version 1.6 (PE Applied Biosystems).
High-performance liquid chromatography (HPLC) Taurine was
quanti¢ed by HPLC after precolumn derivatization with ortho-
phthaldialdehyde and £uorescence detection. Prior to analysis samples
were ultrasonicated in 4% SDS (biopsies) or cell lysis bu¡er (NHEK).
Total protein was quanti¢ed using the BCA assay. Samples were puri¢ed
as described elsewhere (Wol¡ et al, 1989). The Merck HPLC system
consists of an L-7100 pump, a programmable autosampler L-7250P, and
an L-7480 £uorescence detector. Precolumn derivatization was performed
as described elsewhere (Water¢eld, 1994). AWaters Nova-Pak RP-C18 (300
mm 3.9 mm) column with precolumn of the same material was used.
Separation was performed using an isocratic elution with sodium acetate
bu¡er (50 mM, pH 7.0) and methanol 81/19 (vol/vol) for 28 min, followed
by a linear gradient to 62/38 (vol/vol) in 7 min at a £ow rate of 1 ml per
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min and a column temperature of 401C. Excitation wavelength was 330
nm and emission wavelength was 450 nm. Evaluation was performed via
peak area. Homoserine was used as internal standard.
Quanti¢cation of apoptotic cells Apoptotic and necrotic cells were
quanti¢ed using the Roche Annexin-V-Fluos-Staining Kit. For evaluation
of osmotic e¡ects NHEKwere incubated at 500 mOsM for 6 h and assayed
immediately. UV irradiation of NHEKwas performed with an Oriel solar
UV simulator equipped with a WG 320 ¢lter (L.O.T. Oriel, Darmstadt,
Germany) at a UVB dosage of 120 mJ per cm2. After irradiation NHEK
were cultivated for 24 h and then analyzed for apoptotic cells. The cells
were incubated with annexin V and propidium iodide following the
instructions supplied by the manufacturer. Apoptotic and necrotic cells
were detected by £uorescence microscopy using an Axiovert S100
£uorescence microscope (Zeiss, Jena, Germany).
Statistical analysis Statistical evaluation of data was performed using a
two-tailed Student’s t test. Normal distribution was checked via the
ShapiroWilksW test.
RESULTS
Localization of TAUT in normal human skin Full-thickness
human foreskin was separated into dermis and epidermis. For the
epidermis a distinct band with an apparent molecular weight of
69 kDa was detected by western blot analysis using a polyclonal
anti-TAUT antibody (Fig 1). In contrast, Fig 1 shows that TAUT
was not detected in the dermis of human skin by western
blotting. By indirect immuno£uorescence on 5 mm human skin
para⁄n sections, the polyclonal anti-TAUT antibody strongly
stained the suprabasal epidermal cell layers (Fig 2). A gradient
was found with a weak staining of TAUT in the stratum
spinosum and maximal expression in the outermost granular
keratinocyte layer. No TAUT was detected in the stratum basale
or SC by immuno£uorescence (Fig 2).
Skin samples from di¡erent body sites were prepared from
donors of various ages and TAUT protein levels were quanti¢ed
by measuring chemiluminescence intensity on western blots.
Low expression of TAUT was found in fetal palm epidermis at
14, 16, 20, 22, and 25 wk of gestation (Fig 3). It was not possible
to correlate TAUT expression with gestational age because only
one sample was available for each time point of fetal
development. High levels of TAUT were observed for foreskin
epidermis from donors between 1 and 15 y of age and
abdominal epidermis from donors between 55 and 70 y of age
(Fig 3). The dermis was negative for TAUT using western
blotting or immunohistochemistry independently of both age
and body region (data not shown).
Determinants of keratinocyte taurine accumulation The
regulation of taurine transport was studied using cultured
human keratinocytes (NHEK). NHEK were cultured to
con£uency in KGM-2 containing 0.1 mM Ca2þ ions. The cells
were then cultured for 72 h in the presence of 1.1 mM Ca2þ
ions and taurine at various concentrations. Taurine was
accumulated by NHEK in a concentration-dependent manner
(Fig 4A). In the absence of taurine from the chemically de¢ned
culture medium NHEK contained approximately 0.8 nmol
taurine per mg protein, suggesting that keratinocytes show a
limited capacity for taurine biosynthesis. In the presence of
extracellular taurine at concentrations of 0.05, 0.5, or 5.0 mM,
however, intracellular levels were signi¢cantly increased 5.2-,
10.1-, or 26.6-fold, respectively (po0.05, Fig 4A). Accumulation
of taurine has been described as part of the adaptive response of
extracutaneous cells such as corneal epithelial cells and MDCK
cells to enhanced extracellular osmolarity (Uchida et al, 1991;
Shioda et al, 2002). Therefore, cellular uptake of taurine was
quanti¢ed after exposure of NHEK to either isoosmotic (i.e.,
320 mOsM) or hyperosmotic (i.e., 400 mOsM) culture medium
containing various concentrations of taurine (Fig 4B).
Hyperosmolarity was adjusted by adding NaCl to the culture
medium. At all extracellular concentrations of taurine tested,
culture of NHEK for 72 h at 400 mOsM resulted in
signi¢cantly increased intracellular taurine levels compared with
control cells cultured at 320 mOsM (Fig 4B). In contrast,
intracellular levels of taurine were only slightly increased by
13.5% after 72 h of exposure of NHEK to medium adjusted to
400 mOsM using sorbitol instead of NaCl (data not shown).
These data indicate that taurine uptake by NHEK is mediated
by Naþ - and Cl^-dependent transport.
To study the release of taurine, NHEK were preloaded with
taurine by incubation for 72 h in culture medium at 400 mOsM
containing 150 mM taurine and 1.1 mM Ca2þ ions. After
switching the osmolarity from 400 to 320 mOsM minimal
Table I. Sequences of primers and probes used for real-time RT-PCRa
(m)RNA species Forward primer Reverse primer Probe
18S rRNA (X00686) GCATGGCCGTTCTTAGTTGG TGAACGCCACTTGTCCCTCT CCATAACGAACGAGACTGCATGC
Involucrin (NT_004441) TACTGTGAGTCTGGTTGACAGTAGCTT GTATTGACTGGAGGAGGAACAGTCTT CCAGCAACACACACTGCCAGTGACC
TAUT (U09220) CCATCAGCTCCACCAACTTCA GAGCCTGGGTGGTCGATT AGCGCAACGTGCTGAGCTTGTCC
aThe GenBank accession numbers of the targets are indicated in parentheses. All £uorogenic probes contained £uorescent dyes 50 FAM and 30 TAMRA.
Figure1. Expression of TAUT in normal human skin. Human fore-
skin was prepared from three di¡erent donors and separated into dermis
and epidermis. Proteins were extracted and separated by SDS-PAGE, and
TAUT was detected by western blot analysis using a rabbit antirat TAUT
antiserum. 20 mg of total protein were loaded per lane. Note that TAUT is
strongly expressed in the epidermis but not in the dermis.
Figure 2. Localization of TAUT in normal human skin. Full-thick-
ness skin was prepared from the abdomen and para⁄n-embedded thin sec-
tions were stained with a rabbit antirat TAUT antiserum. A representative
phase contrast microscope image (A) and the respective £uorescence image
(B) are shown. Bars: 25 mm.
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intracellular levels of taurine (i.e., approximately 6.0 nmol per mg
protein at 320 mOsM and 150 mM extracellular taurine) were
rapidly reached within 1 h and remained constant over a period
of 12 h (data not shown).
The osmotically driven uptake of taurine was signi¢cantly
inhibited by b-alanine and GES (Fig 5). In contrast, Fig 5 shows
that homotaurine and N-methyl-taurine had no e¡ect on
accumulation of taurine during 72 h of incubation at 400 mOsM.
No inhibitory e¡ect on taurine transport was observed for the
well-known osmolytes betaine, inositol, and sorbitol (Fig 5). These
data indicate a speci¢c requirement for taurine when keratinocytes
are exposed to NaCl-mediated osmotic stress. Incubation of
NHEK with hypotaurine, the metabolic precursor of taurine,
increased the intracellular level of taurine by 54% (Fig 5).
Osmotic upregulation of TAUT mRNA level TAUT
mRNA levels have been shown to be upregulated by
hyperosmolarity in various cell lines (Uchida et al, 1992; Shioda
et al, 2002). Because uptake of taurine is stimulated by
hyperosmolarity in NHEK (Fig 4B), we analyzed the mRNA
levels of TAUT in keratinocytes after shifting the osmolarity of
the culture medium to 400 mOsM (Fig 6). TAUT mRNA was
quanti¢ed by real-time RT-PCR analysis. The levels of TAUT
mRNA were normalized to the respective levels of 18S
ribosomal RNA, which were quanti¢ed in parallel. Incubation
of NHEK at 400 mOsM resulted in a 4.6-fold increase in TAUT
mRNA levels after 6 h. After incubation for 12 h TAUTmRNA
levels started to decline and remained 2.0-fold over control after
24 and 48 h (Fig 6, open bars). To evaluate the impact of
keratinocyte terminal di¡erentiation on TAUT mRNA
expression, cells were cultured in medium at 400 mOsM
containing 1.1 mM Ca2þ ions (Fig 6, closed bars). After 6 h and
12 h TAUT mRNA levels were increased 3.0-fold and 6.6-fold,
respectively. Compared with NHEK cultured in the presence of
0.1 mM Ca2þ ions the increase in TAUTmRNA expression was
delayed but more pronounced. As observed in the presence of 0.1
mM Ca2þ ions TAUTmRNA levels declined after 24 h and 48
h.When NHEKwere cultured for up to 72 h at 320 mOsM in
the presence of either 0.1 or 1.1 mM Ca2þ ions there were
no signi¢cant di¡erences in TAUT mRNA levels (data not
shown).
TAUT mRNA was also detected in reconstructed human
epidermis (Fig 7). Keratinocytes were grown for up to 15 d at
the air^liquid interface. A multilayered epithelium is present
after 9 d and the SC is formed between day 11 and day 15 (data
not shown). During this period involucrin mRNA levels
increased indicating the progression of terminal di¡erentiation
(Fig 7, open bars). In contrast, TAUT mRNA levels remained
unchanged between day 9 and day 15 of air-exposed culture
(Fig 7, closed bars).
Taurine uptake in vivo To analyze the osmotically driven
uptake of taurine in vivo, skin dryness was experimentally
induced by application of 0.5 g silica gel per cm2 to the volar
Figure 3. Regional and age-related variations in human epidermal
TAUT expression. Skin samples were prepared from 17 donors. Dermis
and epidermis were separated and TAUT levels were quanti¢ed by measur-
ing chemiluminescence intensity on western blots stained with a rabbit
antirat TAUT antiserum. Fetal palm skin samples were prepared after 14,
16, 20, 22, and 25 wk of gestation. Foreskin epidermis was obtained from
donors between 1 and 15 y of age and abdominal skin from donors be-
tween 55 and 70 y of age. Data represent the mean7SD (fetal palm epider-
mis, n¼ 5; foreskin epidermis, n¼ 9; abdominal epidermis, n¼ 3).
Figure 4. Characteristics of keratinocyte taurine accumulation.
NHEKwere cultured for 72 h in medium containing 1.1 mM Ca2þ ions
and taurine at concentrations indicated. Cellular taurine levels were quanti-
¢ed by HPLC analysis. (A) The concentration-dependent uptake of taurine
measured under isoosmotic culture conditions (i.e., 320 mOsM). (B) The
e¡ect of increased extracellular osmolarity on taurine uptake. NHEKwere
cultivated for 72 h at 320 mOsM or 400 mOsM adjusted using NaCl. Data
represent the mean7SD (n¼ 6). npo0.05.
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surface of the upper arm for 24 h. Suction blister epidermis was
prepared from dried and nondried areas and thoroughly washed
with PBS at 400 mOsM; the cellular taurine level was quanti¢ed
by HPLC. Application of silica gel signi¢cantly increased
intracellular taurine levels from 1.971.0 nmol per mg protein
(mean7SD) to 3.672.0 nmol per mg protein (mean7SD,
n¼ 8, po0.05). To further evaluate the impact of SC hydration
on taurine accumulation, suction blister epidermis was prepared
from dry calf skin and less dry skin at the volar forearm.
Epidermal taurine levels were signi¢cantly higher at the calf
compared to the upper arm (in nmol per mg protein: 2.172.4 vs
3.673.1, mean7SD, n¼ 6, po0.05).
Taurine inhibits osmotically induced and UV-induced
apoptosis of NHEK The physiologic functions of taurine in
the epidermis are unknown. Analysis of TAUT knockout mice
revealed that taurine uptake prevents retinal degeneration,
presumably mediated by inhibition of apoptosis of photo-
receptor cells (Heller-Stilb et al, 2002). Therefore, we tested the
e¡ect of taurine on both osmotically induced and UV-induced
apoptosis in NHEK. The cells were preincubated for 48 h with
150 mM taurine and then subjected to either severe osmotic
stress at 500 mOsM for 6 h or UV irradiation at a dosage of 120
mJ per cm2. The UV-irradiated cells were cultivated for an
additional 24 h in the presence of 150 mM taurine. After osmotic
stimulation, 11% of the cells cultured in the absence of taurine
were positive for annexin V binding (Fig 8). From these cells
36% were also stained by propidium iodide, indicating plasma
membrane leakage observed during either necrosis or secondary
apoptosis (Fig 8). The number of apoptotic cells was reduced
to 1% of total cell number when the keratinocytes were
preincubated and stressed in the presence of 150 mM taurine
Figure 5. Modulation of osmotically driven taurine uptake by var-
ious osmolytes and taurine analogs. NHEKwere cultured for 72 h in
medium at 400 mOsM containing 1.1mM Ca2þ ions, 150 mM taurine, and
osmolytes (i.e., b-alanine, betaine, inositol, sorbitol) or taurine analogs (i.e.,
GES, homotaurine, N-methyl-taurine, hypotaurine). Cellular taurine levels
were quanti¢ed by HPLC analysis. Data represent the mean7SD (n¼ 6).
npo0.05.
Figure 6. Osmotic regulation of TAUT mRNA levels. NHEK were
grown to con£uency in medium containing 0.1 mM Ca2þ ions. The cells
were then incubated in hyperosmotic culture medium at 400 mOsM ad-
justed with NaCl for the indicated periods of time in the presence of either
0.1 mM Ca2þ ions (open bars) or 1.1 mM Ca2þ ions (closed bars). The cells
were harvested and TAUT mRNA levels were quanti¢ed using real-time
RT-PCR. The TAUTmRNA levels were normalized to the respective le-
vels of 18S rRNA, which were quanti¢ed in parallel. Data represent the
mean7SD (n¼ 3).
Figure 7. TAUTand involucrin mRNA levels in keratinocytes culti-
vated at the air^liquid interface. Reconstructed human epidermis (EPI-
201 from MatTek) was cultivated at the air^liquid interface for the periods
indicated.The tissues were harvested and the levels of TAUTmRNA (closed
bars) and involucrin mRNA (open bars) were quanti¢ed using real-time
RT-PCR. The mRNA levels were normalized to the respective levels of
18S rRNA and to the mRNA level detected after 9 d of air-exposed cul-
ture. Data represent the mean7SD (n¼ 3).
Figure 8. Inhibition of osmotically induced and UV-induced apop-
tosis by taurine. NHEKwere cultured for 48 h in the presence of 0.1mM
Ca2þ ions and 0 or 150 mM taurine. The cells were then subjected to either
osmotic stress (i.e., 500 mOsM adjusted with NaCl) for 6 h or UV stress.
UV irradiation was performed with an Oriel solar UV simulator equipped
with aWG 320 ¢lter at a UVB dosage of 120 mJ per cm2. UV-irradiated
NHEKwere cultivated for an additional 24 h prior to detection of apopto-
tic and necrotic cells using the Roche Annexin-V-Fluos-Staining assay.
Data represent the mean7SD (n¼ 3).
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(Fig 8). After UV irradiation of NHEK 26% of total cells were
apoptotic and 2% were also stained by propidium iodide. In the
presence of 150 mM taurine the rate of UV-induced apoptosis was
clearly reduced with only 5% of cells showing apoptosis and 7%
propidium iodide binding (Fig 8).
DISCUSSION
Epithelial cells are exposed to an environment that may di¡er
from normal osmolarity (i.e., approximately 300 mOsM).When
cells experience osmotic perturbations, adaptive responses are re-
quired because the cellular hydration state is of crucial impor-
tance for normal cell function (Schliess and Haussinger, 2002).
The initial cell shrinkage in response to a low water activity is
antagonized by the accumulation of organic osmolytes that do
not disturb the native structure of proteins even at high concen-
trations (Burg, 1995; Beck et al, 1998). For various epithelial cells it
has been shown that taurine functions as a compatible osmolyte
(Uchida et al, 1991; Cammarata et al, 2002; Shioda et al, 2002). In
contrast, for strati¢ed squamous epithelia the presence and signif-
icance of osmoregulatory mechanisms have not been studied
so far.
We have shown that TAUT is expressed in human epidermis
but not in the dermis. The apparent molecular weight of 69 kDa
for epidermal TAUT is similar to the molecular weight of 69.8
kDa calculated on the basis of the amino acid sequence of human
placental TAUT (Ramamoorthy et al, 1994). For epidermal TAUT
a gradient was found with maximal protein levels in the outer-
most granular keratinocyte layer and lower expression in the stra-
tum spinosum. In accordance with these data, it has been shown
that taurine is almost exclusively localized in the stratum spino-
sum and stratum granulosum of rat and dog epidermis (Lobo et al,
2001). In contrast to the dermal tissue, the epidermis is not sup-
plied with blood and is directly exposed to a rather dry environ-
ment. Therefore, in the skin cellular accumulation of taurine is
restricted to the epidermal compartment. Indeed, light micro-
scopic autoradiography revealed that injected [3H]-taurine is ac-
cumulated by epidermal keratinocytes in mice whereas the
connective dermal tissue showed low uptake of [3H]-taurine
(Watanabe et al, 1995). In accordance with the epidermal distribu-
tion of taurine (Lobo et al, 2001), noTAUTwas found in the basal
and corni¢ed epidermal layer. It is likely that basal keratinocytes
do not experience signi¢cant osmotic perturbations because of
su⁄cient hydration provided by the adjacent dermal tissue. In
contrast, a low water content has been demonstrated for both
the stratum granulosum and the SC with approximately 30%
(wt/wt) water content at the stratum granulosumSC interface
(Warner et al, 1988). In accordance with this epidermal water gra-
dient, TAUT expression is restricted to the granular and spinous
keratinocyte layers.Very low levels of taurine have been reported
for the SC (Lobo et al, 2001). Because no catabolic pathway has
been described for taurine, our data suggest that during corni¢ca-
tion epidermal taurine is recycled by cellular uptake via TAUT.
The most important mechanism controlling SC hydration is the
proteolysis of ¢laggrin that is regulated by external humidity
(Scott and Harding, 1986). Breakdown of ¢laggrin to natural
moisturizing factor is not observed in the living layers of the epi-
dermis because this would create a massive osmotic pressure
(Rawlings et al, 1994). Therefore, alternative mechanisms such as
taurine accumulation are required to maintain the hydration sta-
tus of keratinocytes in the living epidermal cell layers.
TAUT expression in fetal palm epidermis was very weak after
14, 16, 20, 22, and 25 wk of gestation compared with juvenile fore-
skin or adult abdominal epidermis (Fig 3). The corni¢ed envel-
ope proteins involucrin and loricrin are detected in human fetal
skin after 14 and 16 wk of gestation, respectively (Lee et al, 1999).
The SC is formed after 22 wk of gestation in human skin (Hol-
brook and Odland, 1975) with initiation of barrier competence
between 20 and 24 wk of gestation (Hardman et al, 1999). Though
suprabasal epidermal layers including the SC are established after
22 wk of gestation,TAUTwas nearly absent from fetal epidermis.
Because fetal epidermis is immersed in amniotic £uid, which is
isoosmotic, these data provide evidence that taurine uptake med-
iates the osmotic adaptation of epidermal keratinocytes after post-
natal exposure to a dry environment.We observed higher TAUT
protein levels in young foreskin epidermis (i.e., 1^15 y of age)
compared to adult abdominal epidermis (i.e., 55^70 y of age). Be-
cause foreskin is more hydrated than abdominal skin, this di¡er-
ence indicates rather an age-dependent than a regional variation
in TAUT expression. The age dependence of TAUT expression,
however, and its potential signi¢cance for xerosis in aging skin
requires further studies.
To further substantiate the role of taurine as an epidermal os-
molyte we studied the cellular uptake of taurine during experi-
mental induction of skin dryness in vivo. After application of
silica gel to the volar surface of the upper arm, cellular taurine
levels in the epidermis were signi¢cantly increased to a level pre-
sent in the rather dry skin at the calf. These data indicate that up-
take of taurine by keratinocytes is osmotically driven and that
taurine acts as an osmolyte to maintain keratinocyte hydration
in a dry environment. Previous studies have shown that lipid de-
position to the SC is stimulated by exposure to a dry environ-
ment resulting in an accelerated barrier recovery (Denda et al,
1998).Therefore, improvement of barrier function and cellular ac-
cumulation of taurine might represent di¡erent mechanisms act-
ing synergistically to maintain the hydration status of the
epidermis in a dry environment.
Cultured NHEK accumulate taurine in a dose- and osmolar-
ity-dependent manner (Fig 4). NHEK incubated in taurine-free
culture medium contained approximately 0.8 nmol taurine per
mg protein. Although taurine is synthesized mainly in the liver
and brain (Chesney, 1985), these data suggest that keratinocytes
show a limited capacity for taurine biosynthesis. Accordingly, in-
cubation with hypotaurine, the metabolic precursor of taurine,
enhanced intracellular taurine levels (Fig 5), providing indirect
evidence for the expression of hypotaurine dehydrogenase by
keratinocytes. As described for MDCK cells (Uchida et al, 1992),
taurine uptake by keratinocytes is inhibited by b-alanine. More-
over, keratinocyte uptake of taurine was inhibited by the structu-
rally related GES as described for rat retina (Quesada et al, 1984),
but not by homotaurine or N-methyl-taurine. Taurine uptake by
NHEKwas not inhibited by the well-known osmolytes betaine,
inositol, and sorbitol (Fig 5).Whereas uptake of betaine and in-
ositol is mediated by speci¢c transport proteins, intracellular le-
vels of sorbitol are increased by synthesis from glucose catalyzed
by aldose reductase (Beck et al, 1998).These data indicate a speci¢c
requirement for taurine when keratinocytes are exposed to NaCl-
based hyperosmolarity. The signi¢cance of other osmolytes for
the osmotic adaptation of epidermal keratinocytes to a dry envir-
onment requires further studies, however.
TAUT has initially been identi¢ed as the Naþ - and Cl^-de-
pendent taurine transporter from MDCK cells (Uchida et al,
1992). Our data show that taurine uptake by NHEK is stimulated
when the concentration of NaCl in the culture medium is in-
creased by 40 mM. In contrast, the supplementation with 80
mM sorbitol had only a minor e¡ect, indicating that taurine up-
take is mediated by an Naþ - and Cl^-dependent transport. The
osmotic regulation of intracellular taurine levels might also re-
quire alterations in TAUT expression, however, which has pre-
viously been shown for MDCK cells (Uchida et al, 1992) and
human corneal epithelial cells (Shioda et al, 2002). Therefore, we
exposed NHEK to an osmolarity of 400 mOsM for up to 48 h
and quanti¢ed TAUT mRNA levels using real-time RT-PCR
analysis. After 6 h and 12 h TAUTmRNA levels were increased
4.6-fold and 5.1-fold over control, respectively. These data show
that the osmotic upregulation of TAUTmRNA levels is involved
in the adaptation of keratinocytes to hyperosmotic stress. For sev-
eral cell types it has been shown that taurine accumulation is
comparatively slow and involves the upregulation of TAUT
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expression (Uchida et al, 1992; Kang et al, 2002). In contrast, the
release of taurine is a rather rapid process to prevent cell swelling
when the extracellular osmolarity decreases (Beck et al, 1998). Ac-
cordingly, we reported that taurine is rapidly released by kerati-
nocytes when the extracellular osmolarity is switched from 400
mOsM to 320 mOsM.
Epidermal TAUT is localized to the stratum granulosum and
stratum spinosum (Fig 2). Therefore, it appears that TAUT ex-
pression is upregulated during keratinocyte terminal di¡erentia-
tion. To test this hypothesis, we studied the impact of
keratinocyte di¡erentiation on the osmotic regulation of TAUT
mRNA levels by coexposure of NHEK to 400 mOsM and 1.1
mM Ca2þ ions. In vitro keratinocyte di¡erentiation is induced
by increasing the extracellular concentration of Ca2þ ions to ap-
proximately 1 mM (Boyce and Ham, 1983). After 6 h and 12 h
TAUT mRNA levels were increased 3.0-fold and 6.6-fold over
control, respectively (Fig 6). Compared with NHEK cultured in
the presence of 0.1 mM Ca2þ ions the increase in TAUTmRNA
levels was delayed but more pronounced. There were no signi¢-
cant di¡erences in TAUTmRNA levels, however, when NHEK
were cultured at normal osmolarity (i.e., 320 mOsM) in the pre-
sence of either 0.1 or 1.1 mM Ca2þ ions. Moreover, in recon-
structed epidermis involucrin but not TAUT mRNA levels
increased with prolonged culture at the air^liquid interface.
These data show that TAUT mRNA expression is not solely
regulated by factors stimulating keratinocyte di¡erentiation
but requires an appropriate osmotic stimulus. The epidermal gra-
dient for TAUT with maximal expression in the outermost
stratum granulosum (Fig 2) provides indirect evidence for hyper-
osmotic conditions driving the expression of TAUT in the outer
epidermis.
The physiologic functions of taurine in the epidermis have not
been studied so far. Organic osmolytes have been shown to pro-
tect porcine endothelial cells from apoptosis induced by hyperos-
motic stress (Al¢eri et al, 2002). In TAUT knockout mice
enhanced apoptosis of photoreceptor cells leads to retina degen-
eration (Heller-Stilb et al, 2002). Our data show that taurine inhi-
bits both osmotically induced and UV-induced apoptosis in
NHEK (Fig 8). Therefore, the epidermal expression of TAUT
might be required to maintain high intracellular concentrations
of taurine to protect keratinocytes from cell damage induced by
dehydration. It has been shown that the response of cultured ker-
atinocytes to a hyperosmotic stimulus involves the rapid induc-
tion of heat shock proteins (HSP) (Garmyn et al, 2001). In
MDCK cells the increase of HSP70 mRNA levels in response
to hyperosmolarity is inhibited by betaine and inositol, indicat-
ing that osmolytes functionally substitute HSP (Sheikh-Hamad
et al, 1994). Because organic osmolytes stabilize proteins (Arakawa
and Timashe¡, 1985), accumulation of taurine might protect ker-
atinocyte proteins from denaturation during exposure to a low
water activity present in the stratum granulosum. Overexpression
of HSP70 prevents the induction of apoptosis (Ravagnan et al,
2001). Therefore, the antiapoptotic e¡ect of taurine might be con-
nected with its HSP-like stabilizing e¡ect on protein structure.
Osmotic cell shrinkage is one hallmark of apoptotic cell death
(Lang et al, 2000) and the absence of volume regulatory mechan-
isms contributes to rapid activation of apoptosis in response to
hypertonicity (Bortner and Cidlowski, 1996). Therefore, the con-
trol of cell volume and intracellular ionic strength by taurine
might contribute to its antiapoptotic e¡ect. Further studies are
required to evaluate the role of taurine accumulation in the pro-
tection of epidermal keratinocytes from environmental insults.
Because cell volume of keratinocytes increases with terminal dif-
ferentiation (Rowden, 1975), regulation of cell volume by taurine
might also be involved in the process of epidermal di¡erentiation.
In summary, our data indicate that TAUT is expressed in the
suprabasal layers of human epidermis and that taurine func-
tions as an osmolyte in keratinocytes to maintain keratinocyte
hydration in the outer epidermis, which is exposed to a dry
environment.
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